In this study, the Taguchi robust design method is used for optimizing ball milling parameters including milling time, rotation speed and ball to powder weight ratio in the planetary ball milling of nanostructured nickel ferrite powder. In fact, the current work deals with NiFe 2 O 4 nanoparticles mechanochemically synthesized from NiO and Fe 2 O 3 powders. The Taguchi robust design technique of system optimization with the L9 orthogonal array is performed to verify the best experimental levels and contribution percentages (% ρ) of each parameter. Particle size measurement using SEM gives the average particle size value in the range of 59 -67 nm. X-ray diffraction using Cu Kα radiation is also carried out to identify the formation of NiFe 2 O 4 single phase. The XRD results suggest that NiFe 2 O 4 with a crystallite size of about 12 nm is present in 30 h activated specimens. Furthermore, based on the results of the Taguchi approach the greatest effect on particle size (42.10 %) is found to be due to rotation speed followed by milling time (37.08 %) while ball to powder weight ratio exhibits the least influence.
Introduction
Recently, synthesis of nanosized NiFe 2 O 4 powder particles has attracted the attention of researchers due to their high saturation magnitization, low eddy current loss in alternating applications, and high magnetocrystalline anisotropy. Soft ferromagnetic NiFe 2 O 4 is one of the most important ferrites of the inverse spinel family which is widely used in magnetic information storage instruments, sensors, drug delivery agents, catalysis, etc. [1] [2] [3] [4] [5] . By decreasing the particle size of this ferrite to about 10 nm, significant changes may occur in its physical, magnetic, and microstructural properties that include the anomalous cation ratio at the octahedral and tetrahedral sites in small particles, increased external field, effective anisotropy constant [6] , and surface spin disorder [7] . Thus, evaluation of ferrite structure * E-mail: e.hajalilou@yahoo.com and crystallite size is essential for selecting the proper method of synthesizing NiFe 2 O 4 nanoparticles. Different methods have been used so far to fabricate NiFe 2 O 4 nanoparticles such as solgel [8] , chemical route [9] , hydrothermal [10] , coprecipitation [11] and ball milling method [12] . In this study, mechanical alloying was chosen for synthesizing NiFe 2 O 4 nanoparticles. In this method, the magnetic properties and final structure of the product may be affected by the different process parameters such as type of mill, milling speed, milling container, and ball to powder ratio [13] . Previous studies have simulated the dynamics effects of the milling process based on the rate of collision, ball velocity, and kinetic energy between powder particles during mechanical activation [14] [15] [16] [17] . A number of relations have been suggested [16, 17] for calculating the impact of velocity and the kinetic energy transferred from balls to powder particles. These relations have been em- ployed in the present study based on the following equations:
|| V c || 2 = (RΩ) 2 + (r − r b ) 2 ω 2 1 + 2ω
where, r, R, m, Ω, ω, and r b represent the vial radius, the distance between the vial center and disc center, the mass of balls, the speed of disc rotation, the speed of vial rotation, and the radius of the balls, respectively. The Taguchi robust design method provides an efficient, simple and systematic approach for verifying the optimal factors involved in the production process. Moreover, it is used to examine all factors with only a small number of tests. A statistical analysis of variance (ANOVA) can also be executed to determine the statistically significant factors. Thus, the optimal parameters can be anticipated by the orthogonal array experiments [18, 19] . In this study, the main factors of the planetary ball milling (i.e., milling time, rotation speed, and ball to powder weight ratio) were optimized using this technique.
The contents of each phase produced in the assynthesized product were determined using the integrated X-ray diffraction peak intensities based on the following equation:
where, W x and A x , designate the calculated fraction for one compound and the integrated diffraction intensity of the major peak of compound X, respectively.
Experimental
Commercial nickel and iron oxide powders were purchased from Alfa Aesar and used as starting materials. To produce the NiFe 2 O 4 , the powders of NiO and Fe 2 O 3 were mixed in a stoichiometric ratio of 1:1 (molar mass). The mechanical activation process was performed in a high energy planetary ball milling machine. The characteristics of the milling tool and the experimental conditions are described below:
Vail (stainless steel, volume 150 ml), ball (stainless steel, 5 balls 18 mm in diameter), ball to powder ratio (10:1, 20:1, and 30:1), atmosphere (argon), milling time (0, 4, 6, 10, 12, 14, 18, 24 and 30 h). The terms r, R, and Ω as defined above were R = 120 mm, r = 45 mm, and 150 < Ω < 600 rpm.
The X-ray diffraction spectrometer (XRD) was used to analyze phase changes during the ball milling process. The Bragg diffraction angle (2θ ) in all the experiments was chosen in the range of 20 -80 degrees, applying the Cu Kα of λ = 0.154 nm.
Since the crystallite size and lattice strain are the most important factors that can influence such properties as microstructure and magnetic properties, it was decided to apply the modified Scherrer equation [20] to report the precise crystallite size and lattice strain. Scherrer equation (i.e., d = Kλ /β cos θ ) was first developed in 1918 to compute crystallite size (d) using an X-ray diffraction radiation wavelength (λ ) by considering full width at half maximum peak (β ) at the Bragg diffraction angle (2θ ). In this equation, K is the shape factor whose value can vary from 0.62 to 2.08, but a value of about 0.9 is commonly chosen for this parameter. Evidently, this equation will only yield a mean crystallite size and will not provide information on particle size distribution or the scope of grain agglomeration.
The first point to note about this equation is that it cannot be used to calculate lattice strain. Moreover, if all the peaks on the diffraction pattern have the same value as d, then β cos θ must also have the same value. This signifies that for a crystallite size (d) of 5 nm and λ = 0.154 nm, for instance, the peak at Bragg diffraction angle (2θ ) of 10°must be ten times narrower than the peak at 2θ = 70°; this situation is never observed. Hence, Monshi [21] modified this equation as Lnβ = Ln (kλ /d) + Ln (1/cos θ ) by using the least squares method to minimize the errors induced. The Lnβ plots the inverse of Ln (1/cos θ ) to obtain the intercepts of a least square line regression.
The Scanning Electron Microscopy (SEM) using a FEINOVA nano SEM 230 machine was used to observe both the topography and morphology of the particles and to measure their grain size and distribution.
3. Results and discussion 3.1. Evaluation of the effect of milling time on crystallite size Duration of mechanical alloying is one of the fundamental parameters usually exploited to achieve a steady-state (SS) between the breaking and rewelding (cold working) of powder particles. The different parameters of milling type, ball to powder weight ratio and rotation speed can vary the combustion reaction time during the ball milling process. In fact, to achieve the optimum milling time, the above parameters should be adjusted in relation to each other depending on the system selected. Fig. 1 shows the X-ray diffraction patterns of the samples after different milling times while ball to powder weight ratio (BPR) is kept constant at 20:1 and the vial's rotation speed at 600 rpm. The spectra of NiO and Fe 2 O 3 are visible in this XRD pattern in the initial powder after the simple mixing. The major peaks of the two initial raw materials, i.e. NiO at 2θ = 43.298 and Fe 2 O 3 at 2θ = 33.155, can be accordingly indexed to ICCD cards of 044-115 for NiO and 01-079-1741 for Fe 2 O 3 . The phase changes occurring after different milling times confirm the effect of milling time on powder particles. The peaks of nickel ferrite appeared in the XRD pattern after increasing the milling time by up to 18 h. Further increase of milling time to 30 h, caused nickel ferrite to become almost amorphous due to the transfer of high energy to powder particles. The refinement of mean particle size during a milling process can be stated with this relationship applying a simple model for the refinement of nanocrystalline particle size [13] :
where t is the milling time, D is the particle size and K is the constant. However, since a number of pro- cess variables as mentioned by Suryanarayana [13] earlier, could influence the particle size achieved, more systematic experiments are needed before solid explanations can be made. Fig. 2 displays SEM images of NiFe 2 O 4 ferrite after being milled for 18 and 30 h. After 18 h milling, the size ranges from about 48 nm to 89 nm with a mean particle size of about 59 nm. After further milling up to 30 h, the powders exhibit high agglomeration of particles as can be seen in the SEM image. This is due to the high energy transferred to the powder particles after 30 h of milling. The size ranges from about 57 to 101 nm with a mean particle size of about 67 nm.
The internal lattice strain and average crystallite size of the ball-milled samples as a function of milling time is illustrated in Fig. 3 . A gradual decrease is observed in average crystallite size from 33 (2 h milling) to approximately 12 nm (24 h milling) followed by a slight increase in crystallite size of about 1.9 percent (about 13 nm) after 30 h of milling. To explain this phenomenon, one can consider the fact that the ball milling process leads to the refinement of crystallite size by breaking and rewelding of powder particles, but that after a certain (critical) milling time, the powder particles stick together and become agglomerated due to an abrupt increase in temperature inside the vial. Regarding lattice strain, the effect of crystallite size due to increased milling time has been the subject of controversy. Increased value of lattice strain is associated with the creation of lattice imperfections such as grain boundaries, dislocations, etc. These defects provide the short-circuit path to diffusion at low temperatures and result in the production of a large number of defects. After a certain milling time (24 h) passed, the sudden increase in temperature led to grain growth and resulted in an easier diffusion process in the lattice than at grain boundaries and other high energy sites. Lattice strain, therefore, decreased after 24 h of milling.
As it was the aim of this study to investigate the effects of milling time on the properties of powder particles, the same unchanging conditions were initially employed during the milling from 0 to 30 hours. In other words, BPR was taken constant at 20:1 and the rotation speeds of the vial and the disc were fixed at 600 and 400 rpm, respectively. The characteristics of the powder particles influenced by various milling times are given in Table 1 .
As can be seen, increasing milling time led to increased collision velocity and kinetic energy but to decreasing crystallite size. 
Evaluation of the effect of rotation speed on the crystallite size
A similar effect on crystallite size was observed by changing rotation speed and fixing milling time to 30 h and BPR at 20:1. Increasing rotation speed caused powder particle size to decrease and lattice strain to increase. The X-ray diffraction patterns of ball milled samples at different rotation speeds are shown in Fig. 4 . As can be observed, when mechanical activation was run at 150 rpm, no significant modification was observed in the relevant XRD pattern peaks compared with those for the simple mixing of initial powders. However, the broadening of the crystallite peaks was observed which can be related to the refinement of crystallite size and the increment of internal lattice strain. By increasing the rotation speed to 300 rpm, the peak position of the Fe 2 O 3 phase slightly shifted toward higher Bragg diffraction angles and the intensity of the peaks decreased. For instance, the three major peaks of Table 2 , more energy is imparted to powder particles by elevating the rotation speed, which results in the development of crystal defects such as dislocations, vacancy, and grain boundaries. In addition, the refinement of crystallite size leads to short-circuit diffusion and the existence of crystal defects results in increased solubility of elements in the crystal lattice. Therefore, facilitating the diffusion mechanism leads to an increase in the amount of the NiFe 2 O 4 phase through increased rotation speed [22] . Since crystallite size and lattice strain are the factors that affect peak broadening, we calculated their values using the modified Debye-Scherrer equation as reported in Table 2 .
Moreover, lattice parameter is an important factor which can be associated with the displacement of position peaks. Therefore, the lattice parameter of NiFe 2 O 4 was computed using the following equation [23] :
The values for the lattice parameter of nickel ferrite were calculated as 0.8278 and 0.8248 nm for 450 and 600 rpm, respectively. This indicates that the lattice parameter depends on rotation speed in such way that increasing the rotation speed decreases its value. In addition, the values of lattice parameter obtained for the NiFe 2 O 4 single phase produced at 450 and 600 rpm were less than those reported for the bulk value of NiFe 2 O 4 (a = 0.8339 nm) [24] . This is due to the reduction of powder particles as well as the accumulation of defects as a result of frequent breaking and rewelding of powder particles at high rotation speeds during the ball milling process.
Evaluation of the effect of ball to powder weight ratio (BPR) on crystallite size
As already mentioned, ball milling is a complicated process that requires the optimization of a number of variable parameters in order to obtain products with desirable magnetic properties. The effects of varying values of BPR on particle size for a milling time of 30 h and a constant rotation speed of 600 rpm are shown in Fig. 5 . As can be observed, the single phase of nickel ferrite was produced for all the ball to powder weight ratios of 10:1, 20:1, and 30:1. The only significant discrepancy can be related to the varying powder particle sizes which were found to be 14.3, 12.2, and 16 nm at 10:1, 20:1, and 30:1 BPRs, respectively. In fact, by increasing the ratio of ball to powder weight, the amount of powder charged inside the vial decreases, leaving more space inside the vial which allows the velocity of ball-powder collisions to increase and much more energy to be transferred to powder particles. When the value of BPR was raised to 30:1, contrary to our expectation, the powder particle size was seen to increase, indicating that when the amount of powder decreases, the greater amount of energy transferred to powders leads to increase heat inside the vial which finally causes the agglomeration of powder particles. 
Taguchi method
The Taguchi robust experimental design method was introduced in 1960 by Professor Taguchi. This method not only minimizes the number of experiments to determine the optimal conditions but also dramatically saves time and money for the tests required [25] . According to this method, selected parameters and levels of several orthogonal arrays are used as the matrix experiments. In this way, the changes caused by the introduction of each takes the signal to noise ratio as the experimental conditions. The highest signal-to-noise ratio is chosen as the optimal condition [26] . In this study, the Taguchi method briefly described below was used to determine the optimum conditions and the effects of synthesis parameters on the particle size of nickel ferrite.
The signal factor (S) and noise factor (N)
accompanied by the relevant level are selected. In fact, signal factors are input parameters which can be changed in order to achieve optimal conditions in laboratory experiments in terms of selected levels and matrix of experiments. Noise factor refers to all the factors that cause changes in the 
Second state: The amount is greater than the optimum reagent:
Third state: The nominal size is optimal:
where, n is the number of experiment repeatability, y i is the measured output, and y 0 is the optimal nominal size. 3. The total value of signal-to-noise can be calculated for each parameter based on the following equation:
4. The signal to noise ratio is calculated for each level of the parameters.
In the Taguchi method, parameters with the highest signal-to-noise ratio (regardless of the type of loss function) are introduced as optimal levels.
5. The significance of each parameter is determined using ANOVA. 6. Data is analyzed and the optimum output is predicted. 7. Validation and verification tests are performed to confirm the results.
Experiment design 4.1.1. Controlling and non-controlling factors
Milling time, rotation speed, and ball to powder weight ratio (BPR) as parameters dependent on crystallite size were selected as the signal factors. However, the molar ratio could also be chosen as a noise factor as it was constant during the trials. The orthogonal array 9 (L9) was performed to optimize the three variable parameters of the mechanical alloying process. Table 3 lists the variables and their levels for each parameter. To increase the accuracy, each experiment was repeated three times and the equal mass was selected and measured after mixing the crystals. to calculate the crystallite size using the Scherrer equation:
where, d is the average crystallite size, θ is the Bragg's diffraction angle, and β is the full width at half maximum (FWHM). The FWHM was adjusted as β , which can be related to the discrepancy in the integral profile width between a measured FWHM (β i) and equipment peak broadening (β e); therefore, the refinement β was used based on the following equation to remove the errors due to the instruments [27] :
Prior to estimating the crystallite size and lattice strain from the XRD peaks, the background was automatically eliminated to refine the data and the exact positions of kα1 and kα2 radiation were analyzed using the X-Pert High Score software:
X-Pert High Score software executes the Pseudo-Voigt profile which is the weighted average between a Gaussian and a Lorentz function:
where, C 0 and C 1 are taken to be 4 and 4 × ln 2, respectively; H k is the β of the K th Bragg reflection; and X ik is equal to (2θ i − 2θ k)/H k · γ is a variable "mixing" parameter given on account of the amount of Lorentzian profile versus the amount of Gaussian profile, which ultimately provides the overall profile shape. Table 4 displays the orthogonal array used and the calculated crystallite size for each stage, accompanied by its S/N ratio in each experiment. The average S/N ratios for each level of the parameters in terms of the crystallite size are presented in Table 5 and in Fig. 6 . Based on the following equation used for calculating the value of R, one rank is assigned to each variable. The largest value of R is the effective factor. In addition, the highest value of S/N for each variable represents the optimal experimental conditions [28] :
Fig. 6. Mean S/N ratio for each level of the parameters for crystallite size based on Taguchi design.
As can be seen, the maximum value of R was obtained for the rotation speed. The highest values are seen to have the greatest effect on the final outcome while the lowest have the least impact, indicating that rotation speed has the highest effect on particle size during the ball milling process.
The average crystallite size for each level of parameters based on Taguchi design is shown in Fig. 7 . Comparison of rotation speed and the two other parameters for the greatest change in crystallite size between levels 1 and 2 indicates that rotation speed has a significant effect on crystallite size during the ball milling process. The predicted values of Taguchi design independently for S/N ratio and mean crystallite size for each parameter are presented in Table 6 . Based on these results, it may be concluded that the optimum conditions for the synthesis of nickel ferrite nanoparticles can be achieved by ball milling for 18 h at a rotation speed of 600 rpm and with a ball to powder weight ratio of 20:1. 
Analysis of variance (ANOVA)
The analysis of variance (ANOVA) was performed to examine the relative effect of each parameter on crystallite size and to find out which process parameter had a significant effect on the output results. For this purpose, the total variability of the S/N ratios was determined as calculated by subtracting the sum of square deviations (SS) based on the data reported earlier in Table 5 from the total mean of the S/N ratio (S m ). The following equations were used for the ANOVA analysis for each parameter [29] :
where, SS i is the sum of the squares for each parameter; j is the number of each parameter in the orthogonal array; mi 1 and mi 2 are the means of S/N ratios for the related level and the factor i. MS i (mean of the sum of squares for each parameter), S t (total sum of squares) and MS e (error of the sum of squares) can be computed from the following equations, respectively:
The values for the relative distribution of each parameter were obtained from:
where, DF i is the degree of freedom which was obtained from the number of experiments minus one. In fact, the degree of freedom for each parameter is equal to the number of levels of that parameter minus one. Percent of contribution for parameter i can be calculated from the equation below:
The results of the calculated factors are presented in Table 7 . The results suggest that the rotation speed has the greatest influence on crystallite size with a contribution of 42.10 % while the milling time is the second most important parameter with a contribution of 37.08 %. The ball to powder weight ratio of 20.82 % has the least effect on crystallite size. 
Conclusion
The nanosized nickel ferrite powder particles were successfully produced by the mechanical activation process. The results showed that ball milling up to 18 h resulted in the reaction of the NiO/Fe 2 O 3 in the combustion mode producing the single phase of NiFe 2 O 4 nanostructure. Meanwhile, different parameters associated with the mechanical activation technique were investigated using the Taguchi robust design method. As the three parameters of milling time (h), ball to powder weight ratio and rotation speed were used in the study of the process, the orthogonal array nine (L9) was performed to optimize the experimental conditions in order to achieve the least crystallite size. Regarding the fact that the crystallite size of the nickel ferrite after 30 h of milling was obtained to be about 12 nm, the Taguchi design indicated that the rotation speed (rpm) with a contribution of 42 % had the greatest influence on crystallite size during the mechanical activation process. Under the optimized conditions obtained from this method, nickel ferrite nanoparticles (in the range of 12 -17 nm in size) with a narrow particle size distribution were prepared. The results obtained are consistent with the data obtained from the analysis by the Taguchi method. In conclusion, it was found that the ball milling process has potential capability for the large scale fabrication of nanosized powder particles at low costs.
